Synthesis and optical properties of V 2 O 5 nanorods
A two-step method was proposed in synthesizing V 2 O 5 nanorods on planar substrates, i.e., depositing a V 2 O 3 thin film at ϳ220°C ͑by heating a pure sheet of vanadium in a rough vacuum͒ and then heating it in air at ϳ400°C. The V 2 O 5 nanorods produced by this technique are single crystalline and could emit intense visible light at room temperature, possibly due to some defects such as oxygen vacancies which got involved during growth. This study provides a simple and low-substrate-temperature route in fabricating V 2 O 5 nanorods on planar substrates, which might be also applicable to other metal oxides. [3] [4] [5] and is a candidate material for applications in electronic information displays, electrochromic devices, optical-electrical switch and color memory devices, etc.
2, [6] [7] [8] Since materials having reduced dimensions may possess interesting properties that are very different from their bulk states, efforts have been directed recently to the synthesis of nanostructures of vanadium oxides and to the study of their structure-property relationships. 9 There are several approaches available for synthesizing nanostructures of vanadium oxides. [10] [11] [12] [13] [14] [15] [16] For example, Nesper and co-workers reported the synthesis of VO x nanotubes by a sol-gel reaction of vanadium oxide trisopropoxide conducted in the presence of the structurally directing hexadecylamine and followed by hydrothermal treatment, 13 16 Here, we report a thermal oxidation method to form V 2 O 5 nanorods at relatively low substrate temperatures. By heating in air a V 2 O 3 thin film deposited on silicon substrates to ϳ400°C, it was further oxidized into V 2 O 5 and started to transform into nanorods. The photoluminescence ͑PL͒ property and its relation to the phase transformation of the film upon heating were also investigated.
The substrates used in the present study were Si ͑001͒ wafers. These were supersonically cleaned in acetone, alcohol, and de-ionized water baths and placed ϳ20 mm below a sheet of pure vanadium ͑99.99%, ϳ5 ϫ 50ϫ 0.7 mm in size͒ connected to two copper electrodes in a vacuum chamber. The chamber was pumped to a vacuum level of ϳ5 ϫ 10 −2 Torr and then a voltage of ϳ2 V was applied to the two electrodes, resulting in a current of ϳ50 A passing through the vanadium sheet. The vanadium sheet was heated up rapidly in the rough vacuum, leading to the deposition of vanadium oxides on the silicon substrate. After deposition for 5 min, the temperatures of the vanadium sheet and the silicon substrate were measured to be ϳ900 and ϳ220°C, respectively. When the deposition was finished, the samples were heated at several temperatures for an hour in air. The growth morphology and structure of the deposits before and after heating was examined with scanning electron microscopy ͑SEM͒, transmission electron microscopy ͑TEM͒, highresolution transmission electron microscopy ͑HRTEM͒, and x-ray diffraction ͑XRD͒, respectively. Their PL spectra were measured with a Raman spectrometer at room temperature under the excitation of a 514 nm Ar + laser. Figure 1͑a͒ shows a typical SEM image of a thin film as deposited on a silicon substrate at a temperature of ϳ220°C. The structure of this as-deposited film, as we will see later, is V 2 O 3 . The film had a thickness about 1 m and a͒ Author to whom correspondence should be addressed. Electronic mail: zjzhang@tsinghua.edu.cn made up of tiny particles which would grow long with the increase of air-annealed temperatures. When the film was heated in air at ϳ500°C for an hour, interestingly, all the particles finally transform into uniform nanorods. Figure 1͑b͒ shows a typical SEM image of the growth morphology of the nanorods grown from the V 2 O 3 thin film. The images were taken with a JOEL-4500 SEM working at 20 kV. Figure 1͑c͒ is a low-magnification TEM image of the nanorods, taken with a JEOL-200CX TEM working at 200 kV. One sees that the nanorods are ϳ2 m long and have a diameter of ϳ100 nm. Figure 1͑d͒ shows a HRTEM image of a nanorod, the inset of which is the corresponding selected area diffraction ͑SAD͒ pattern. The HRTEM image and the SAD pattern were taken with a JEOL-2011 TEM working at 200 kV. It is seen that the nanorods grown from the V 2 O 3 thin film ͑by heating in air at ϳ500°C͒ are single crystalline V 2 O 5 of an orthorhombic structure. 17, 18 This suggests that V 2 O 5 nanorods can be fabricated on silicon substrates simply by heating a V 2 O 3 thin film in air. This was also confirmed by XRD analysis shown later. Figure 2 shows a typical PL spectrum of the sample after heating at ϳ500°C in air. The spectrum was measured with a Renishaw Raman spectrometer ͑RM 1000͒ under the excitation of a 514 nm Ar + laser. One sees from the figure that the annealed sample could emit intense visible light at room temperature. As indicated by Fig. 2 , the PL spectrum can be fitted by two Gaussian peaks centered at ϳ650 and ϳ730 nm, which corresponds to energies of ϳ1.82 and ϳ1.68 eV, respectively. Since the band gap of V 2 O 5 is ϳ2.24 eV, the above visible light emissions, obviously, should not be caused by the band edge transition. [19] [20] [21] To gain an understanding of the visible light emissions, we have investigated the phase transition of the V 2 O 3 film upon heating in air, and measured the PL spectra. Figure 3 shows the XRD pattern of the V 2 O 3 film upon heating at several temperatures. As indexed in the figure, we note that the as-deposited film is V 2 O 3 . It is seen that when the film was heated to 300°C, it was oxidized into VO 2 , and that when the film was heated to 350°C, it was oxidized further into V 6 O 13 . SEM analysis ͑not shown͒ indicates that there is no observable change in the morphology of the film at this stage. When the film was heated to ϳ400°C, it was oxidized finally into V 2 O 5 and, interestingly, nanorods started to grow from the film. After heating at a higher temperature such as ϳ450 and 500°C, the film was mostly transformed into V 2 O 5 nanorods ͓see Fig. 1͑b͔͒ . It is thus clear that there is a critical temperature for the growth of V 2 O 5 nanorods by heating a V 2 O 3 film in air, i.e., ϳ400°C.
Figures 4͑a͒ and 4͑b͒ show, respectively, PL spectra of the samples before and after V 2 O 5 nanorod growth by heating the V 2 O 3 film in air. One sees that the PL intensity from the as-deposited sample and samples heated at ϳ300 and 350°C is very weak, and that a drastic increase in the PL intensity was observed for the sample heated at ϳ400°C. Looking at PL spectra of samples heated at ϳ400, 450, and 500°C shown by Fig. 4͑b͒ , it is noticed that these spectra are similar in shape though their intensity is different. The three PL spectra can be well fitted by the two Gaussian peaks centered at ϳ650 and ϳ730 nm shown in Fig. 2. Figures  4͑c͒ and 4͑d͒ show, respectively, the total PL intensity and the relative intensity of the two peaks as a function of the heating temperature. It is seen clearly that there exists a critical point for observing intense PL, i.e., ϳ400°C.
Comparing Figs. 3 and 4 , we could find out the relationship between the visible light emission and the structure change of the V 2 O 3 film upon heating in air. When the film was heated to Ͻ400°C in air, it was oxidized gradually into VO 2 and V 6 O 13 with no obvious PL; when it was heated to ϳ400°C or higher, the film was further oxidized into V 2 O 5 and nanorods started to grow. From this point on, intense visible light emission was observed. This suggests that the above intense visible light emission was due to the formation of V 2 O 5 through the oxidation of V 2 O 3 upon heating in air. Since the energy of the above emission is much smaller than the band gap of V 2 O 5 , the visible light emission from V 2 O 5 observed here might be due to some defects such as oxygen vacancies that are probably introduced during the oxidation at relatively low temperatures. [22] [23] [24] [25] In summary, we developed a method to synthesize single crystalline V 2 O 5 nanorods on silicon substrates, i.e., simply heating in air a V 2 O 3 thin film at a temperature of ϳ400°C. The V 2 O 5 formed by this method could emit intense visible light, which is probably due to some defects which got involved during the oxidation process. This study might provide a simple route in synthesizing and adjusting the properties of nanostructures of metal oxides.
